Starting from the same ethylenediamine species, three valuable carbene precursors were synthesized under differing conditions: a tridentate dianionic N-heterocyclic carbene bearing an aniline, a phenol and a central dihydroimidazolium salt, its benzimidazolium isomer by intramolecular rearrangement and a dicationic benzimidazolium-benzoxazolium salt by changing the Brønsted acid from HCl to HBF 4 . A DFT study was performed to understand the rearrangement pathway. The structure of a bis [(NCO) carbene] zirconium complex was determined.
Introduction
N-Heterocyclic carbene (NHC) ligands have been extensively explored in late transition metal catalysis, frequently providing enhanced catalyst stability, activity and selectivity.
1 Recently, new generations of bidentate or tridentate NHC ligands have attracted attention, especially to access interesting chiral systems 2 and to isolate rare examples of carbene-early transition metal complexes.
3 Indeed, Hoveyda et al. reported the synthesis of chiral bidentate NHC-phenolate ligands, whose ruthenium complexes catalyze highly enantioselective ring-opening metathesis/cross-metathesis reactions. 2a Moreover, several examples of early transition metal complexes with tridentate NHCs bearing anionic tethers have exhibited high activity in ring-opening polymerization of rac-lactide 4 and in olen polymerization.
5 For such applications, dianionic tridentate ligands with the carbene donor in the central position are attractive candidates, forcing the binding of the so NHC to the hard metal centre. Up to now, the only examples of such tridentate dianionic ligands have been reported with coordination patterns OCO (A), 5a,6 NCN (B), 5e,7 SCS (C), 8 and OCN (D)
9
(Chart 1). The alkoxide-NHC-amidate ligand D, the only unsymmetric version, is of particular interest because its complexes offer possibilities for stereoselective catalysis. In attempting the synthesis of a precursor to an example of D with anilide and aryloxide arms, we found that under certain conditions the imidazolium precursor undergoes an unexpected rearrangement, providing access to two other potentially useful NHC precursors. We also studied its coordination behavior on a zirconium complex.
Result and discussion
The target compound, phenol-aniline dihydroimidazolium 4, was synthesized as shown in Scheme 1. Oxalamide 2, obtained from 2-(N-mesitylamino)aniline and 2-amino-4,6-di-tert-butylphenol, was reduced by borane-THF or LiAlH 4 to N-(2-mesityl- to appear in a few days. Clean rearrangement to a new species, with no apparent byproducts, is essentially complete aer 10 days at room temperature in chloroform (8 days in tetrahydrofuran); the same product can also be generated by heating 4 in toluene at 90 C for 15 minutes. The product was identied by NMR as 5, 12 and conrmed by an X-ray diffraction study of crystals obtained from an acetone/pentane solution ( Fig. 1 ). This benzimidazolium NHC precursor results from the central carbon of the imidazolium ring of 4 "walking" down the molecule to a new position, between one of the central nitrogen centers and the original aniline nitrogen. A notable feature of the structure is the three hydrogen-bonding interactions of the chloride ion:
Previous examples of this type of tridentate dianionic benzimidazolium framework, containing amidate and chiral alkoxide groups, have been used to assemble catalysts that exhibit a variety of interesting properties, such as high enantioselectivities in intermolecular Heck-type coupling reactions, 13 enantioselectivity reversal in conjugate addition reactions, 14 and high enantioselectivity in Ir-catalyzed transfer hydrogenation.
15 (The C-O double bond of the amidate group is just a tool to aid synthesizing the ligand: only the nitrogen atom interacts with the metal centre.) Our new approach via rearrangement allows accessing this class of NHC-amino-phenol ligands with facile variation of aryl substituents. For example, a chiral version could be obtained starting from a chiral 1-alkyl-2-amino phenol compound.
A DFT study was performed to help explain the mechanism of this unprecedented rearrangement. Calculations were carried out in the gas phase at the B3LYP/6-31G**//M06-2X/6-31G** level of theory with the Gaussian 09 program 16 on model compound 4 0 (without Cl À ) and 4 00 (with Cl À ) in which Me replaces t Bu on the hydroxyphenyl group. Single point SMD calculations were also performed in order to take into account solvent (THF) effects (see ESI †). although by a smaller amount; but both conformer I 00 and the overall activation barrier are signicantly higher in energy. On the other hand, the crystal structure of 5 shows stabilization by three Cl-H interactions; while those may result strictly from solid-state effects, they suggest at least the possibility that Cl À could play a role in the rearrangement.
To examine the possible role of the anion in the rearrangement of 4, the bis(ammonium) salt of 3 was generated using HBF 4 instead of HCl. When that was heated with triethyl orthoformate, following the same procedure as for imidazolium 4 (Scheme 1), a white powder again precipitated from solution, but its solubility and NMR properties were quite different from those of 4. 17 Crystals were obtained from acetone/pentane at low temperature, and X-ray diffraction (Fig. 3) identied the product as benzimidazolium-benzoxazolium bis-tetrauoroborate salt 6. This appears to be the rst example of a bis-NHC ligand containing an (NCN)-(NCO) linkage;
18 to our knowledge, only four reports of unsymmetrical dicarbenes have appeared, including some evidence for improved catalytic behavior. 20 The explanation for such a dramatic and unexpected effect of the counter-ion on the nature of the product may lie in the solubility of the monocationic salt: mono(tetrauoroborate) salts tend to be more soluble than their chloride analogues, allowing them to react further with triethyl orthoformate.
We investigated the tris-deprotonation of the salt 4 with strong base (KHMDS) to generate the dianionic carbene in situ followed by its trapping on a zirconium complex (Scheme 2). Aer work-up, a red powder is obtained in 52% yield. In the 1 H NMR spectrum, the methylene protons range from 4.2 to 2.7 ppm as four multiplets, somewhat surprisingly dispersed for methylene protons in the N-heterocycle.
21 Nevertheless, the 13 C NMR spectrum shows the presence of one carbene signal at 200 ppm. Crystals were obtained from a toluene/pentane solution at low temperature and X-ray diffraction (see ESI †) identied the product as bis(benzimidazolylidene)zirconium complex 7, resulting from the rearrangement of the imidazolyl unit to a benzimidazolyl moiety followed by bis-ligation. The zirconium metal center exhibits distorted mer-octahedral coordination of the two (CNO) carbene ligands with each NHC trans to its phenolate and the amide groups trans to one another.
22
Thus, addition of base to salt 4 led to a benzimidazolylidenetype carbene resulting from a rearrangement of the anion analogous to that observed for the imidazolium precursor 4 to 5, but here involving a deprotonated form of 4. Scheme 2 Synthesis of (CNO)-zirconium complex 7. Fig. 2 Energy profile (energy in kcal mol À1 ) computed at the B3LYP/6-31G**// M06-2X/6-31G** level of theory without the counter-anion (black) and with the counter-anion (red). Some hydrogens have been omitted for clarity. 19 Scheme 3 Strategy to access a library of functionalized carbene precursors.
Conclusions
The ability to synthesize three potentially useful carbene precursors starting from the same ethylenediamine species, resulting from an unprecedented intramolecular imidazolium rearrangement and counter-ion effects, offers possibilities for access to a large and varied library of functionalized carbene precursors via an atom-economical process (Scheme 3). Such a rearrangement also occurs during the deprotonation of the imidazolium salt. We were able to isolate a carbene-anilidephenolate zirconium complex showing the ability of a tridentate dianionic carbene ligand to stabilize a hard metal center.
